Radial frequency adaptation reveals interacting contour shape channels  by Bell, Jason et al.
Vision Research 49 (2009) 2306–2317Contents lists available at ScienceDirect
Vision Research
journal homepage: www.elsevier .com/locate /v isresRadial frequency adaptation reveals interacting contour shape channels
Jason Bell a,c,*, Frances Wilkinson b, Hugh R. Wilson b, Gunter Lofﬂer d, David R. Badcock a,*
a School of Psychology, The University of Western Australia, Western Australia, Australia
bCentre for Vision Research, York University, Toronto, Ontario, Canada
cMcGill Vision Research, Dept. of Ophthalmology, McGill University, Montreal, Quebec, Canada
dDept. of Vision Sciences, Glasgow Caledonian University, Glasgow, Scotland, United Kingdom
a r t i c l e i n f oArticle history:
Received 20 June 2007
Received in revised form 27 June 2009
Keywords:
Radial frequency
Form
Global
Local
Adaptation
Channels0042-6989/$ - see front matter Crown Copyright  2
doi:10.1016/j.visres.2009.06.022
* Corresponding authors. Address: McGill Vision Re
ogy, McGill University, Montreal, Quebec, Canada (J. B
E-mail addresses: jason.bell@mail.mcgill.ca (J. Bell)
Badcock).a b s t r a c t
Combinations of radial frequency (RF) patterns may be used to represent the contours of complex shapes.
Previous work has shown that many radial frequency patterns are processed globally and multiple cur-
vature mechanisms have been proposed to account for human performance in detecting these patterns.
The current paper provides a direct test of this proposal and also, investigates how different RF mecha-
nisms interact when forming a single complex contour. To test for interactions, pairs of RF components
have been combined on a closed contour to create a compound pattern. Deformation detection thresholds
for single RF components were compared to thresholds for detecting that component in a compound.
Masking was present, and was not tuned for the phase relationship between components but was instead
tuned for RF, consistent with the existence of several narrow-band shape channels which have inhibitory
connections between them. Adaptation was then used to selectively desensitise channels. Adapting to a
single RF pattern reduced sensitivity to RF patterns of the same frequency but restored sensitivity to a
dissimilar RF component on the compound contour. The effects were shown to be independent of the
mean radius of the adaptor, and also occurred when adaptors were contours composed of contrast mod-
ulated noise, suggesting that post-adaptation results are not simply due to adaptation of local V1 orien-
tation-tuned simple cells. The data are consistent with two or more shape channels for closed-contours,
which operate in a competitive network.
Crown Copyright  2009 Published by Elsevier Ltd. All rights reserved.1. Introduction
The boundaries surrounding objects form closed, continuous
contours. The visibility of those contours, or parts of them, may
be degraded by lighting conditions (Field & Hayes, 2004) but the
visual system must have mechanisms which can encode them.
Several streams of vision research are investigating how perceptual
processes are affected by the grouping of local components into a
shape. Physiological studies have found neurons in V4 which selec-
tively respond to complex shapes such as concentric or radial grat-
ings (Connor, 2004; Gallant, Braun, & Van Essen, 1993; Gallant,
Connor, Rakshit, Lewis, & Van Essen, 1996). Human brain imaging
(Dumoulin & Hess, 2007; Wilkinson et al., 2000) and event-related
potential (ERP) research (Ohla, Busch, Dahlem, & Herrmann, 2005)
studies have also implicated higher areas of the human visual sys-
tem such as V4 in the analysis of concentric structure. Evidence is
emerging (Lofﬂer, 2008) to suggest that cortical area V4 is pivotal009 Published by Elsevier Ltd. All r
search, Dept. of Ophthalmol-
ell).
, david@psy.uwa.edu.au (D.R.in intermediate form recognition and is a precursor to higher ob-
ject recognition areas such as the Lateral Occipital Complex (LOC)
(Kourtzi & Kanwisher, 2001; Kourtzi & Nakayama, 2002; Murray,
Kersten, Olshausen, Schrater, & Woods, 2002) and Inferior Tempo-
ral (IT) cortex (Schwartz, Desimone, Albright, & Gross, 1983). Psy-
chophysical research supports global shape processing in detection
and discrimination of concentric and radial structures (Badcock &
Clifford, 2006; Badcock, Clifford, & Khuu, 2005; Kurki & Saarinen,
2004; Lofﬂer, Wilson, & Wilkinson, 2003; Wilson & Wilkinson,
1998; Wilson, Wilkinson, & Asaad, 1997).
Psychophysicists have investigated global shape processing by
examining the processes involved in discriminating deviations
from circularity in closed-contours (Alter & Schwartz, 1988; Habak,
Wilkinson, Zakher, & Wilson, 2004; Hess, Wang, & Dakin, 1999;
Jeffrey, Wang, & Birch, 2002; Lofﬂer et al., 2003; Wang & Hess,
2005; Wilkinson, Wilson, & Habak, 1998). Sinusoidal modulation
of the radius around a closed contour has been used to create
smooth deviations from circularity. The resulting stimuli are com-
monly known as radial frequency (RF) patterns. Fig. 1 provides
examples of the RF patterns to be used in the current experiments;
the number of complete modulation cycles required to complete
360 determines the radial frequency. RF patterns are highlyights reserved.
Fig. 1. (A–F) Examples of the stimulus set used throughout the current study. From
left to right: (A) RF3, (B) RF5, (C) RF11, (D,E) combined RF contours on a single
compound pattern. (D) RF3 and RF5, (E) RF5 and RF11. (F) shows a second-order
textured RF3 pattern. The production process may shift the mean luminance in this
example so that it differs from the background. This was avoided in the
experimental stimuli. Modulation amplitude was set at 0.1 for all RF components.
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cessing of simple shapes, such as triangles (RF3), squares (RF4)
and pentagons (RF5) – all of which can be produced given an
appropriate amplitude of modulation.
Lofﬂer et al. (2003) measured pooling of information as a func-
tion of the number of completed cycles on the contour for several
different RFs and found evidence for global summation over a
range of RF shapes. A progressive change in pooling strength was
considered as evidence in favour of multiple shape mechanisms
responsible for processing RF patterns (Lofﬂer et al., 2003). In the
Poirier and Wilson (2006) model of RF pattern processing, it is sug-
gested that human sensitivity to globally processed RF patterns is
underpinned by at least two overlapping shape mechanisms, one
for high radial frequencies (up to approximately RF10) and another
for low radial frequencies (<RF7). At RFs greater than approxi-
mately 10 cycles, experimental evidence does not support global
processing and points towards local computations limiting perfor-
mance. The proposal that there are multiple channels for process-
ing different RF shapes is supported by studies involving RF pattern
adaptation (Anderson, Habak, Wilkinson, & Wilson, 2007; Bell,
Dickinson, & Badcock, 2008), and by studies measuring the detec-
tion of an RF shape surrounded by other shapes (Habak, Wilkinson,
& Wilson, 2006; Habak et al., 2004). However, what has not been
revealed by using single RF contours, or spatially and temporally
separated RF contours, is how separate RF shape channels might
interact when forming a single complex shape. One way to address
this is to look at how RF components interact when combined on a
single closed contour. This type of design has been used in our pre-
vious research (Bell, Badcock, Wilson, & Wilkinson, 2007), where
low (RF3) and high (RF24) RF components were combined to show
that global (RF3) and local (RF24) form information can be de-
tected independently, despite being presented on the same con-
tour. Compound RF contours allow an important step towards
more natural images, not least because summed RFs are an efﬁ-
cient and highly controllable stimulus with which to describe a
wide variety of complex biological shapes, such as animal shapes
(Wilkinson et al., 1998), human heads (Wilson, Daar, Mohsen-
zadeh, & Wilkinson, 2008; Wilson, Lofﬂer, & Wilkinson, 2002; Wil-
son & Wilkinson, 2002; Wilson, Wilkinson, Lin, & Castillo, 2000)
and pieces of fruit (Wilkinson, Shahjahan, & Wilson, 2007).
The current study conducts a series of experiments which mea-
sure and comparemasking effects across a broad range of combina-
tions of low and intermediate RF patterns (RF2-11). Unlike thework
ofHabak et al. (2004, 2006),which used contours thatwere spatiallyand temporally offset, or our previous work involving high (24) and
low (3) RFs (Bell et al. 2007), we present observers with combined
contours more like those that characterise natural objects (Wilson
&Wilkinson, 2002). Themasking radial frequency and the target ra-
dial frequencywere combined on a single closed contour, creating a
compound RF pattern, which allows us to directly test for interac-
tions between RF components. This design also allows us to; (a) test
the assumption that multiple RF-tuned shape channels are indeed
necessary to explain human performance, and, (b) determine
whetherRFpatterns thatare combinedontoasingle contour interact
in a nonlinear way, or whether interactions are simply additive.
2. General methods
2.1. Participants
Ten experienced psychophysical observers participated in this
set of studies, four of whom were authors (JB, FW, HW and GL),
while the others were naïve with regard to the aims of the exper-
iment. Participants for particular studies will be indicated below.
All had normal or corrected-to-normal acuity; observations were
done under binocular viewing conditions, except ED who has a
divergent squint and completed all testing using his dominant eye.
2.2. Apparatus
Stimuli for most of the experiments were generated using Mat-
lab 6.5 (Mathworks, Natick, 2002) on a host Pentium computer
(2.4 GHz). Images were subsequently loaded onto the framestore
of a VSG 2/5 graphics card (Cambridge Research Systems [CRS],
Rochester, 2002) which was driving a Sony Trinitron 17 SE II mon-
itor with screen resolution 1024  768 (12.8  9.6) and a frame
rate of 100 Hz. The monitor was regularly Gamma corrected using
a CRS Optical (head model #265). The screen had a mean lumi-
nance of 50.4 cd/m2 and CIE (1931) chromaticity coordinates of
x = 0.28, y = 0.29, measured using a Pritchard PR650 Spectrascan
(Photo Research Inc., Chatsworth, USA). Observers maintained a
viewing distance of 131 cm using a chinrest. At this distance each
pixel subtended 0.750. Testing took place in a darkened room
(<1 cd/m2, measured on the walls) and observers signalled re-
sponses using a two-button mouse.
The results of Experiments 1 and 2 were obtained using a differ-
ent experimental set up in a different laboratory. The stimuli for
Experiments 1 and 2 were presented on an Apple iMac with
1024  768 resolution and a frame rate of 75 Hz. The Grey scale
was linearised by selecting 151 values out of 256 that had a corre-
lation of 0.99 with a straight line. As the results show, having col-
lected data in different laboratories did not affect the outcome.
2.3. Stimuli
2.3.1. Radial frequency pattern design
The contours used in this study (see Fig. 1) are consistent with
those used in previous research (Bell et al., 2007; Wilkinson et al.,
1998). The distance to the midpoint of the contour from the centre
of the image is given by:
rðhÞ ¼ rmeanð1þ A1 sinðx1hþu1Þ þ A2 sinðx2hþu2ÞÞ ð1Þ
where r and h (in radians) denote the polar coordinates of the con-
tour and r mean is the average radius of the contour. A1 and A2 are the
radial deformation amplitudes (restricted to a number between
zero and 0.5 to ensure compound patterns did not cross the polar
centre); x1 and x2 are the radial frequencies (number of cycles in
2p radians) and u1 and u2 are the relative phase angles (i.e. the ori-
entation of the components). The amplitude of the second radial
frequency component (A2) was set to zero when that component
was not present on the contour.
Fig. 2. Data shows performance for individual observers when detecting a target RF in the presence of an RF mask. An example of the RF test component is shown in each
panel. Vertical axes plot the modulation amplitude required to detect the RF component within the compound. Horizontal axes show the RF of the mask. Arrows in each plot
indicate the test RF and the horizontal line shows the threshold (averaged across observers) for discriminating that RF from a smooth circle (baseline). Error bars show ±1 std.
error. Data for observer JB was collected using a single ﬁxed-phase relationship between mask and test components.
2308 J. Bell et al. / Vision Research 49 (2009) 2306–2317The radial cross-sectional luminance proﬁle of the contour is
described by:
D4ðrÞ ¼ C 1 4 r  rðhÞ
r
 2
þ 4
3
r  rðhÞ
r
 4 !
eððrrðhÞÞ=rÞ
2 ð2Þ
In Eq. (2), r is the radius, C is the pattern contrast, h is the polar
angle and r determines the peak spatial frequency. The contours
used in the study had a mean radius of 0.5 and a peak spatial fre-
quency of 8.0 c/. The Weber contrast of the pattern was 0.99.2.3.2. First-order adaptation stimuli
To minimise the likelihood that our adaptation pattern would
build up retinal afterimages, the contrast of the RF pattern was co-
sine modulated in time around the mean luminance at 2.27 Hz.
2.3.3. Second-order adaptation stimuli
Adapting to a ﬁxed position RF pattern will activate a particular
subset of orientation-tuned simple cells around the pattern. To
determine the signiﬁcance of such adaptation, a textured second-
order stimulus was created. The proﬁle of this RF pattern was de-
J. Bell et al. / Vision Research 49 (2009) 2306–2317 2309signed to ensure an absence of elongated oriented components of
ﬁxed contrast polarity. The pattern was constructed of contrast
modulated binary noise where increments and decrements had
equal probability. Overall luminance was constrained to match
the background within small 0.1  0.1 grids (8  8 pixels), thus
ensuring no ﬁrst-order luminance cues at the scale of the RF con-
tour. In order to provide a dynamic appearance, 24 separate in-
stances of the textured pattern were created and cycled through
using 330 ms per instance. The radial amplitude and mean radius
of the textured RF pattern were identical to the luminance-modu-
lated pattern characteristics. The contrast envelope of the radial
contour of this pattern had a Gaussian proﬁle corresponding to a
full width of 60 at half-height (the same width that the Gaussian
envelope occupied for the luminance-deﬁned contours; Eq. (2)).
2.4. Procedure
Threshold sensitivity was measured using a temporal two-
interval forced choice task, where the observer was always re-
quired to choose the pattern which appeared most deformed from
circularity. No feedback was given. The test and reference patterns
appeared in random order for 160 ms with a 300 ms ISI. No ﬁxation
point was provided. To ensure local spatial adaptation could not
easily account for the results, the location of each pattern was
independently spatially jittered up to +/25% of the pattern radius
between presentations and the presentation duration was too
short for stimulus driven eye movements. The method of constant
stimuli (MOCS) was used to control stimulus presentation. Detec-
tion thresholds for Experiments 1 and 2 were obtained by ﬁtting
a Quick function to the data (Quick, 1974), this function was used
to obtain the modulation amplitude corresponding to 75% accu-
racy. A logistic function was ﬁt to the data in Experiments 3 and
4 (Prism 4.0, Graphpad Software Inc., 2003) to obtain an estimate
of the modulation amplitude also corresponding to 75% accuracy.
In practice, the psychophysical data produced near identical
threshold estimates when ﬁt with either function.
Paired t-tests were used to evaluate the statistical signiﬁcance
of results. Combined results are reported but individual analyses
were also undertaken (using estimates from each session) and in
all cases, were consistent with the pooled data. Testing was com-
pleted over several days in 1 h sessions. The research protocols
were approved by the Human Research Ethics committees of the
University of Western Australia and of York University.3. Experiments
3.1. Experiment 1: masking within the global system
Previous research has identiﬁed a range of RF patterns (up to
approximately RF10) which are detected using global processes
(Bell & Badcock, 2009; Jeffrey et al., 2002; Lofﬂer et al., 2003; Wil-
kinson et al., 1998). This range of RF components is also prominent
in the representation of natural objects using compound RF shapes
(Wilson & Wilkinson, 2002). To investigate interactions between
RF components across this range, in separate conditions, thresh-
olds for detecting a single RF component in isolation (one of 2, 3,
5, 6, 8 or 11) were compared to thresholds for detecting a target
RF in a pattern containing a second RF component, the mask (see
D and E in Fig. 1 for examples of a compound combining an RF5
with an RF3, or an RF11 respectively). If all masks inﬂuence thresh-
olds for the target RF then it would suggest a single broadly tuned
mechanism accounts for the detection of RF patterns across this
range; in contrast with previous research reports. Alternatively, if
masking were more tightly centred around individual RFs, this
would suggest the existence of multiple RF pattern detectors tunedto narrower ranges of RF. Thus the nature and magnitude of these
masking functions provides a window into how RF components
interact when combined in a single contour.
3.2. Procedure
3.2.1. Baseline thresholds
In order to compare baseline and masked data, and allow each
mask to be equated in salience, each observer obtained an estimate
of their RF amplitude modulation detection threshold (A1 in Eq. (1),
where A2 = 0). For these trials, the reference was a circle (A1 = A2 = 0
in Eq. (1)) and the phase of the test pattern was randomised to
minimise the ability of observers to predict the location of peak
curvature. Thresholds were measured for each of the RFs used as
test and mask patterns (2–11).
3.2.2. Masked thresholds
On all trials, the task was to detect the presence of a second RF
component on a contour containing an RF mask. The mask RF was
presented in both intervals at 20 its own detection threshold.
The RF of the test component was known to the observer on each
run. Where the mask and test were the same RF, the components
were locked in phase, to ensure that adding amplitude increased
deformation. For all other conditions, we present data averaging
across several different phase relationships. Note: in conditions
involving dissimilar, non harmonic RF pairings, components can
only ever be locked in phase with respect to a single lobe. Data
from a set of controls showing that the relative phase of the com-
ponents is not critical for the conclusions is presented below
(Fig. 3).
3.3. Results and discussion
Fig. 2 presents results for seven observers, individual observers
either completed all RF conditions (JB and FW) or, completed a
subset of the conditions in which they were required to detect
an RF test component in a compound containing another RF pat-
tern (the mask, at 20 threshold). Different panels show data for
different RF tests, each as a function of the mask RF (abscissa).
The y axis plots the modulation amplitude of the RF test compo-
nent at threshold. The x axis indicates the RF of the second compo-
nent in the compound pattern (the mask). The arrow in each plot
indicates the RF of the test component. The solid horizontal line
in each ﬁgure shows the threshold (averaged across observers)
for detecting that test component in isolation (baseline). For the
majority of observers and conditions, the pattern of results for each
test RF shows a notch, or minimum in the masking, centred at or
near the test frequency. This notch seems most striking for low
and intermediate radial frequencies (e.g. 2, 3, 5 and 6) where there
is strong masking for compounds which include dissimilar RFs but
a clear reduction in masking at, or near the test frequency. For
higher radial frequencies (8 and 11), there is, on average less mask-
ing at any RF, thus rendering the notch less evident.
This RF-tuned masking is not consistent with a single broadly-
tuned shape mechanism but rather, suggests the existence of mul-
tiple RF shape channels, as other results have suggested (Bell
et al., 2008; Habak et al., 2004; Lofﬂer et al., 2003; Poirier & Wil-
son, 2006) but adds the novel ﬁnding that these channels are
interacting when forming a complex contour. One other possible
explanation for our data is that the relative phases of the RF com-
ponents mediates performance, given that mask and test are
locked in phase at each point around the contour only when they
are the same RF. To investigate the possibility that a speciﬁc phase
relationship between the two components inﬂuences the results
we conducted a further experiment. Data in Fig. 3 shows results
for dissimilar RF mask and test components which are locked in
Fig. 3. Data shows masking as a function of the relative phases of the mask and test
RF, for an RF4 (top) and an RF6 (bottom) targets. An example of the RF test
component is shown in each panel. Mask RFs are shown in each ﬁgure inset. Three
relative phases are shown: Max/Max: Lobes of test and mask are aligned; Max/Min:
Lobes of test aligned with trough of mask; Max/ZC: Lobes of the test coincide with
the zero crossings of the mask. For non-harmonic RF mask test combinations this
description applies to at least a single lobe of each pattern. Error bars show ±1 std.
error.
Fig. 4. Increment threshold functions as a function of the base radial modulation
amplitude of the RF test pattern. Data shown for each RF is the average of two
observers minimum. Both axes express modulation amplitude as a proportion of
radius (Weber fraction) on a log scale. Error bars show ±1 std. error. Isolated points
in the Black square show baseline thresholds for discriminating an RF pattern from
a smooth circle (no pedestal). The exponent of the power law ﬁtted to the data for
each RF (not including baseline thresholds) is listed in the ﬁgure inset.
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out of phase ‘Max/Min’, or locked in intermediate phase ‘Max/ZC’
(max radial extent of one component coincides with the zero
crossing of the other). This data shows no systematic trends, indi-
cating that the relative phases of the mask and test components
are unlikely to be a signiﬁcant factor in the pattern of masking
shown in Fig. 2.
The notched masking function in Fig. 2 is also replicated by sub-
jects in our later experiments, using different experimental equip-
ment (see Section 2 and Figs. 5 and 6). To our knowledge, this type
of notched threshold elevation function has never been observed in
the luminance spatial-frequency masking literature, where mask-
ing is always most effective at or near the test frequency and de-
clines for masks on either side of this frequency (Graham, 1989;
Kim &Wilson, 1996;Wilson, McFarlane, & Phillips, 1983). Standard
explanations of masking invariably predict a peak at or near the
test frequency. In sharp contrast, we see a notch and therefore an-
other explanation must be sought.
One possibility considered is that the change in local curvature
which is produced as RFs are summed may provide a salient cue.
Given that the largest local changes occur at points of maximum
or minimum pattern curvature (Bell et al., 2008; Lofﬂer et al.,
2003; Poirier & Wilson, 2007), it is possible to derive the changein curvature due to the presence of the test analytically. Designat-
ing curvature as r, the result is:
j ¼ 1þ A1 þ A1x
2
1 þ A2 þ A2x22
Rmeanð1þ A1 þ A2Þ2
ð3Þ
where Rmean is the mean radius, and A1 and x1 are the amplitude
and RF of the test, and A2 and x2 are the amplitude and RF of the
mask respectively. Positive values of A1 and A2 indicate curvature
maxima while a negative value of either indicates a curvature min-
imum. As required, this formula reduces to r = 1/Rmean when
A1 = A2 = 0 (a circle). To test the hypothesis that a change in curva-
ture threshold at the curvature maximum or minimum of the pat-
tern might predict a notched function, Eq. (3) was used to predict
thresholds for test amplitude A1 as a function of mask frequency
x2. This computation never produced a notched function. Thus it
can be concluded that a simple increment or decrement of the max-
imum or minimum local curvature along the RF contour cannot, by
itself, explain our data.
One remaining potential explanation for notched masking func-
tions requires some form of nonlinear interaction among RF-tuned
mechanisms, possibly divisive interactions between adjacent RF
channels (Wilkinson, Wilson, & Lofﬂer, 2003). For gratings it has
now been established that orientations very far from the test orien-
tation produce masking via some form of divisive gain control (Fo-
ley, 1994; Heeger, 1992). Notched masking functions might be
explained by analogous divisive interactions among neighbouring
RF shape channels. It would only be necessary for these divisive
interactions between RF mechanisms to be sufﬁciently strong to
raise test thresholds beyond the level of increment thresholds ex-
pected from an increment detection function alone- for which we
will present data in the following experiment.
The proposal that the masking data in Experiment 1 is best ex-
plained by a series of RF-tuned channels with divisive interactions
between them produces several testable predictions. One predic-
tion of an RF channel hypothesis is that individual RF shape mech-
anisms might produce an increment function for detecting a
change in their respective shape modulation, similar to that ob-
served for detecting contrast change in the luminance spatial-fre-
Fig. 5. Data presents results for four observers when detecting an RF5 in the compound pattern containing a second RF. An example of the RF5 test component is shown in the
ﬁrst panel. Vertical axes plot the modulation amplitude required to detect the RF component within the compound. Horizontal axes depict the masking radial frequency on
the compound pattern. Black square data points show RF5 detection thresholds prior to any adaptation. The solid horizontal line shows baseline RF5 detection sensitivity for
each observer. Grey circular data points show thresholds for RF5 detection in two different compound patterns following adaptation to an RF3. Open square points (right hand
side) in graphs for JB, ED and FW show RF5 sensitivity following adaptation to an RF11. All Error bars (including horizontal dotted lines) show 95% CIs.
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per’ at low pedestal amplitudes of this function would provide fur-
ther evidence that there are distinct channels for RF shapes.
A second testable prediction relating to a multiple RF channels
hypothesis, and of a divisive inhibition between channels, is that
the elevated thresholds for detecting one RF component in a com-
pound pattern containing a second dissimilar RF (Experiment 1),
should be improved after adapting to the mask RF component in
isolation and thereby reducing its subsequent inhibitory inﬂuence.
Were thresholds to be unchanged, or even increase following adap-
tation, this would not be consistent with multiple mutually inhib-
itory RF contour shape channels and another explanation for the
data in Experiment 1 would need to be sought.
3.4. Experiment 2: increment functions support the existence of
separate RF channels
Experiment 2measured, for several different RF patterns (RF2, 3,
4, 5and11), thresholds fordetectingan increase in themodulationof
an RF pattern, as a function of its modulation amplitude. To be con-
sistentwith a channel based shape hypothesis,we expected two key
characteristics to be present in the results obtained; (a) the data to
include a ‘dipper’ function, analogous to that observed when mea-
suring contrast discrimination within a spatial-frequency-tuned
channel sensitive to luminance variation (Nachmias & Sansbury,
1974) and, (b) the data beyond the dip to showa systematic increase
in thresholdswhich iswell ﬁtbyapower lawfunction, similar to that
observed in the luminance spatial-frequency literature (Badcock,
1984; Legge, 1981; Wilson & Humanski, 1993).3.5. Results and discussion
Fig. 4 presents data for seven observers (at least two per RF) for
RFs 2, 3, 4, 5, and 11. The vertical axis plots the modulation ampli-
tude required to detect an increase in pattern deformation with
75% accuracy. The horizontal axis describes the amplitude of the
pedestal, expressed as a multiple of its baseline threshold. Aver-
aged data points within the box on the left hand side represent
the threshold for discriminating a particular RF pattern from a
smooth circle (baseline without pedestal). In relation to these
baseline thresholds, and for 3 of the 5 RFs tested (RF2, 5 and 11),
the data exhibit a ‘dipper’ function at low pedestal amplitudes,
qualitatively similar to contrast increment thresholds for sinusoi-
dal gratings (Nachmias & Sansbury, 1974). Dipper functions for
gratings are generally considered to be a signature of accelerating
or threshold-type non-linearities (Foley, 1994; Morgan, Chubb, &
Solomon, 2008; Nachmias & Sansbury, 1974). Our data suggest that
mechanisms detecting RF patterns may also have an accelerating
nonlinearity. In other words, this suggests that there is a threshold
for detecting deviations from circularity in RF patterns.
Data beyond the dip exhibit a systematic increase in modulation
thresholdsas thepedestal increases. Thedata for eachRF iswellﬁtby
apower law(R2 > 0.9) and theexponent for eachﬁt is given in theﬁg-
ure legend. The exponent appears to increase with RF. In the discus-
sion of Experiment 1, we predicted that, as evidence for divisive
interactions between neighbouring RF-tuned channels, the magni-
tude of increment thresholds for a 20 baseline pedestal would be
less than that observed for the sameRF in thepresenceof adissimilar
RF mask (Experiment 1 Fig. 2). This prediction is supported.
Fig. 7. Thresholds for two observers when detecting an RF6 in a compound pattern
containing one of: RF3, RF6 or RF12, before and after adaptation. An example of the
RF6 test component is shown in the ﬁrst panel. In all conditions, the test (RF6) and
mask components (one of 3, 6 or 12) were ﬁxed in phase on the compound. In
addition, in all three cases, summing the mask and test component does not disrupt
the periodicity of the compound pattern. All axes are comparable to those in Fig. 5
and 6. The solid horizontal line shows baseline RF6 detection sensitivity for each
observer. The Black square data points show thresholds for detecting an RF6 in the
compound pattern prior to any adaptation. Grey circular data points (left side) show
thresholds for detecting an RF6 in the compound containing an RF3 and RF6 after
adapting to an RF3. Open Grey squares (right side) show thresholds for detecting an
RF6 in the compound containing an RF6 and RF12 after adapting to an RF12.
Fig. 6. Data replots pre-adaptation results from Fig. 5 for one observer (JB) and data
on the same experimental task for one new observer (EC). An example of the RF5
test component is shown in the ﬁrst panel. The Grey circular points on the left show
thresholds for detecting an RF5 in the RF5 and RF3 compound pattern following
adaptation to a random phase RF3 stimulus. Open Grey points on the right show
detection thresholds for an RF5 in the RF5 and RF11 compound following
adaptation to the random phase RF11.
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similar to those reported in the luminance spatial-frequency re-
search (Legge, 1981; Nachmias & Sansbury, 1974; Wilson &
Humanski, 1993). This similarity raises the possibility that ampli-
tude/deformation in the RF domain is the analogue of contrast in
the luminance spatial-frequency domain.
3.6. Experiment 3: adaptation supports multiple, interacting RF
channels
The third experiment is designed to test expectations arising
from Experiment 1 and from other studies (Alter & Schwartz,
1988; Bell & Badcock, 2009; Bell et al., 2008; Habak et al., 2004;
Lofﬂer et al., 2003; Poirier & Wilson, 2006) that there are multiple
RF shape detectors and also, to test the novel prediction fromExper-
iment 1, that these channels have inhibitory interactions between
them. Herewe use an adaptation paradigm to fatigue speciﬁc global
RF shape mechanisms and test post-adaptation performance. Since
performance for several intermediate RFs shows a notch inmasking,
centred on the test RF (Fig. 2), we measure performance using a
subset of the RFs previously tested. In one set of conditions,wemea-
sure detection of an RF5 test component, in the presence of a mask
(RF3, 5 or 11), before and after adaptation. In another set of condi-
tionswemeasuredetectionofanRF6 test component in thepresence
of one of RF3, 6 or 12 before and after adaptation. The latter condi-
tions use harmonic mask/test components, which when ﬁxed in
phase, ensure that the lobes overlap asmuch as possible. This serves
as a control for variations in the regularity of the separationbetweenlobes that can arise with RF components that are not integer multi-
ples, thus making non-periodicity a potential cue.
If masking reﬂects competition between multiple narrowly-
tuned RF detectors, then thresholds for detecting one RF compo-
nent (test) on a compound pattern should be improved by adapting
to the other RF component (the mask) beforehand and thereby
reducing sensitivity to that component and its subsequent inhibi-
tory inﬂuence.
3.7. Procedure
3.7.1. Adaptation
At the start of each run the observer ﬁxated on an RF pattern for
one minute. In separate conditions, observers adapted to an RF3,
RF5 or RF11 when testing RF5, or to RF3, RF6 or RF12 (each at 20
threshold amplitude)when testingRF6. Thepatternwas contrast re-
versed over time (to minimise build-up of retinal afterimages, see
Section 2.3) and was in ﬁxed angular phase. Between trials there
was also an additional 5 s top-up, afterwhich an 800 msblank inter-
val at the background luminance level preceded the next trial.
3.7.2. Testing
The procedure and task used were the same as in Experiment 1
except that adaptation was added. Individual data points show the
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minimum of three runs.
3.8. Results and discussion
Fig. 5 shows performance for four observers (different panels)
when detecting an RF5 component (test) in a compound pattern
containing an RF mask (one of 3, 5 or 11), before adaptation (Black
square data points) and after adaptation to a particular RF (Grey
data points). The y axis plots the modulation amplitude of the test
RF5 component at threshold (A1 in Eq. (1)). The x axis indicates the
RF of the mask component in the compound pattern (the mask x2
in Eq. (1)). The horizontal line shows the pre-adaptation detection
threshold for the RF5 presented alone, for each observer, and the
parallel dashed lines, the 95% CIs for this threshold. Despite the
use of different experimental equipment in obtaining this data
(compared with that used in Experiment 1, Fig. 2 [see Section 2])
the same notched masking function can be observed: i.e. an RF5
is masked signiﬁcantly more by an RF3 than by an RF5
(t(3) = 8.69, p < .01, black data points). Similarly, an RF5 is masked
signiﬁcantly more by an RF11 than an RF5 (t(2) = 7.26, p < .01). Also,
an RF11 was a signiﬁcantly more effective mask than an RF3
(t(2) = 3.08, p < .05) (effect size [Cohen’s d]: JB = 3.16, ED = 0.63 &
FW = 3.17). Finally, although smaller than the other conditions,
the threshold elevation caused by an RF5 mask was signiﬁcant
(t(3) = 5.71, p < .01). This pattern of results mirrors that in Fig. 2.
Turning to the post-adaptation data, all four observers showed
signiﬁcant improvement in thresholds for detecting an RF5 within
the compound RF5 + RF3 pattern (leftmost Grey circular data
point) following adaptation to an RF3 (t(3) = 8.58, p < .01). All three
observers who adapted to an RF11 (unﬁlled Grey square data
point) showed signiﬁcant improvement in RF5 thresholds within
the RF5 + RF11 compound (t(2) = 5.10, p < .05) after adapting to an
RF11. These results show that adapting to the same RF as the mask
did not enhance the effect of the mask, as would have been ex-
pected if both RF components were detected by a single broadly
tuned shape mechanism. Instead, RF adaptation resulted in a sig-
niﬁcant improvement in masked detection thresholds in the com-
pound pattern, which is consistent with the existence of multiple
RF pattern detectors which have inhibitory inter-connections.
The adaptation presumably weakens the response of the detector
most sensitive to the mask RF and its masking effect on the test
is consequently reduced.
3.8.1. The effect of randomising the phase relationships between
adaptor, mask and test
Identical results were obtained for two observers in conditions
where the phase of the adapting pattern, the mask pattern and the
test pattern were independently randomised on each trial (Fig. 6):
signiﬁcant improvement in thresholds for detecting an RF5 within
the compound RF5 + RF3 pattern following adaptation to an RF3,
(JB t(4) = 5.33, p < .01, EC t(2) = 12.69, p < .01) and for RF5 thresholds
in the compound RF5 + RF11 pattern following adaptation to an
RF11, (JB t(4) = 12.39, p < .01, EC t(2) = 11.09, p < .01). These condi-
tions show that post-adaptation improvement is not restricted to
cases where the adapting RF and the RF mask in the test compound
are ﬁxed in phase. Speciﬁc phase relationships between adaptor,
mask and test appear irrelevant for these observations.
3.8.2. Periodic test and mask combinations
Wealso conducted a set of control conditions involvingmask and
test components which, (a) ensured a regular periodic structure of
the compound in all conditions and, (b) where the mask and test
were ﬁxed in phase in all conditions, i.e. peaks were aligned. Trials
now involved detection of an RF6 test pattern, in a compound pat-
terncontaining, in separate conditions, anRF3,RF6orRF12mask,be-fore and after adapting to the mask RF (Fig. 7). As seen previously in
Figs. 5 and6, the pre-adaptation data shows a notch inmasking, cen-
tred on the test frequency (central black square data points). Post-
adaptation, thresholds for detecting the RF6 in the RF6 + RF3 com-
pound pattern were signiﬁcantly improved by adapting to an RF3
([Grey circular data points] JB t(2) = 5.87, p < .05, EC t(2) = 3.69,
p < .05). The unﬁlled Grey square data points in Fig. 7 show that
thresholds for detecting an RF6 in the compound containing an
RF6 + RF12 were also signiﬁcantly improved following adaptation
to an RF12 (JB t(2) = 3.32, p < .05, EC t(2) = 3.27, p < .05).
The data from all conditions support the argument that multi-
ple RF shape channels exist, with inhibitory interconnections oper-
ating between them. The conditions in Figs. 5 and 6 show that, (a)
threshold improvements following adaptation occur when using a
random phase stimulus set (Fig. 6), (b) post-adaptation improve-
ments in thresholds occur whether the compound contour has a
regular periodicity (e.g. RF3 + RF6 [Fig. 7]) or not (e.g. RF3 + RF5
[Fig. 5]), and, (c) post-adaptation threshold improvements persist
even when the mask and test are ﬁxed in relative phase in all stim-
ulus conﬁgurations (Fig. 7).
3.8.3. The effect of adaptation on a non-adapted RF channel
To examine channel performance further, we investigated
whether adapting to a single RF pattern inﬂuenced sensitivity to
modulation in a non-adapted RF channel (see Fig. 5). Observers
adapted to an RF3 pattern and tested RF5 sensitivity in a com-
pound with an RF5 mask (increment thresholds). For each obser-
ver, the Grey ﬁlled circle for the RF5 mask condition in Fig. 5
indicate that performance was very similar (FW) or marginally im-
proved following adaptation (JB, ED and HW) but this difference
was not signiﬁcant (t(3) = 1.39, p = .25). This result is consistent
with the existence of more than one RF-tuned shape channel and
shows that increment detection within a non-adapted channel is
not affected directly when a different RF detector is fatigued.
3.8.4. Adaptation within an RF channel
As an extension to the previous result, we investigated whether
adapting to an RF pattern affected detection of modulation change
within the adapted RF channel. To provide a more complete pic-
ture, we measured several different pattern amplitudes. Prior to
adaptation, two observers measured an increment threshold func-
tion for an RF5 pattern, and then remeasured several points on the
function after adapting to an RF5 at 20 threshold amplitude
(Fig. 8). The pre-adaptation increment threshold function (Black
square data points) for both observers is nearly identical to that
in Experiment 2 (Fig. 4), (although different experimental equip-
ment was used); i.e. observers exhibit a ‘dipper’ at low pedestal
amplitudes and above this range, the data are well ﬁt by a power
law (R2 = 0.99 JB; 0.93 ED) with an almost identical exponent to
that reported in Experiment 2, (avg. = 0.59 in Fig. 8 compared to
0.55 avg. in Fig. 4). The Grey star data point replots the pre-adap-
tation masked threshold for each observer from Experiment 3,
Fig. 5 [20 threshold mask]). The square Grey data point on the left
side of Fig. 8 shows that thresholds for discriminating an RF5 pat-
tern from a circle were elevated after adapting to an RF5 (at 20
threshold). We then measured increment thresholds at several
amplitudes above and below this point, following adaptation to
an RF5 pattern at 20 threshold. In comparison to the sensitivity
change with the zero amplitude baseline there was very little
change in increment thresholds following adaptation (unﬁlled
square data points) and the power law exponent following adapta-
tion was within ±1 standard error of the unadapted exponent, sug-
gesting the slope was unchanged. These results show that RF
adaptation does decrease the baseline sensitivity to an RF pattern
but does not decrease sensitivity to changes in RF pattern modula-
tion substantially above this level.
Fig. 8. Increment threshold functions for two observers as a function of base radial
modulation amplitude of the RF5 pattern, before adaptation (Black solid squares)
and post-adaptation (open squares). An example of the RF5 test component is
shown in the ﬁrst panel. The vertical axes plot threshold modulation on a log scale
while the horizontal axes plot pedestal modulation as a multiple of threshold
amplitude (Baseline). The exponent of the power law (+/1 std. error) is given for
the unadapted (solid squares) and post-adaptation data (open squares). The square
data point on the left (Grey) shows the elevated baseline threshold value following
adaptation to an RF5. The Grey star data point in the centre of each ﬁgure replots
the RF5 + RF5 compound masking threshold from Experiment 1. All error bars
(including horizontal dotted lines) show 95% CIs.
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ple RF pattern detectors in the global range. The evidence suggests
inhibitory inﬂuences between detectors because fatiguing one RF
unit permits a recovery in sensitivity for another RF pattern even
when presented on a compound. The data reported seem unlikely
to have resulted from local adaptation effects since, among other
things such as randomising phases, contrast modulation of the
adapting stimulus was employed to minimise the possibility of lo-
cal afterimages (see Section 2.3). However, it is important to en-
sure that the reported ﬁndings reﬂect global inﬂuences and are
not contaminated by local fatiguing of orientation-tuned and ra-
dius speciﬁc V1 cells. Therefore a fourth experiment was
conducted.3.9. Experiment 4: controlling for local adaptation effects
Our previous results suggest that there are multiple but non-
independent RF-tuned shape mechanisms. For this conclusion to
stand it must be ensured that our adaptation procedure was fatigu-
ing a global system, not simply modifying the local orientation and
position cues reported to underpin global shape processing (Hess
et al., 1999; Wang & Hess, 2005; Wilson et al., 1997). Experiment
4 employed a variety of additional adaptation stimuli to achieve
this aim.
First, a second-order textured RF3 pattern was used as an
adapting stimulus; the beneﬁt of this pattern was its absence of
any systematic luminance imbalance which would drive orienta-
tion-tuned simple cells in V1. Luminance-deﬁned and contrast-de-
ﬁned cues are combined when detecting deformation of a contour
at threshold (Bell & Badcock, 2008) and both types of pattern exert
the same spatial lateral masking on RF detection (Habak et al.,
2004). Therefore luminance-deﬁned and second-order RF patterns
may be expected to adapt a common global shape mechanism,
thus threshold reduction of a luminance RF following second-order
RF pattern adaptation should be very similar to that obtained when
adapting with a luminance-deﬁned RF pattern.
Second, an RF3 pattern with a larger radius (0.8) was used as an
adapter for the 0.5 test RF3 pattern in order to rule out the possi-
bility of stimulating the same set of positions. Previous research
has shown RF modulation thresholds, expressed as a proportion
of base radius, to be invariant over a range of radii (Achtman, Hess,
& Wang, 2000; Wilkinson et al., 1998) and therefore our expecta-
tion was that a change of radius would not alter the threshold
improvement.
Third, a large radius (0.8) textured (second-order) RF3 pattern
was used as an adapter. This pattern was the ﬁnal control for mean
radius or size speciﬁc and orientation speciﬁc adaptation inﬂu-
ences. An RF3 was chosen for these adaptation manipulations as
it produces strong global pooling (Bell & Kingdom, 2009; Lofﬂer
et al., 2003), though this has not been directly tested with sec-
ond-order RF3 patterns. Global pooling has been demonstrated
with RF5 and RF6 second-order patterns generated in the same
manner as used here (Bell & Badcock, 2008) and so is likely to occur
with RF3s as well. Aside from adaptation stimulus differences, the
testing procedure was identical to Experiment 3. All results are
comparisons between pre-adaptation masking data and post-
adaptation performance.
3.10. Results and discussion
The data in Fig. 9a–c show the change in threshold (as a propor-
tion) for each observer following adaptation to the speciﬁc type of
RF3 stimulus, where 1.0 (the horizontal line) is the observer’s
threshold for detecting an RF5 in a RF5 + RF3 compound pattern
prior to adaptation (taken from Experiment 3). Values below one
on the vertical axes indicate an improvement in thresholds for
detecting an RF5 in the RF5 + RF3 compound following adaptation.
All four observers produced an improvement in RF5 thresholds fol-
lowing adaptation to a texture-deﬁned, second-order RF3 pattern
(Fig 9a, Grey columns). Averaged across observers this improve-
ment was signiﬁcant (t(3) = 11.58, p < .01). For comparison, the un-
ﬁlled columns in Fig 9a plot the improvement in thresholds for
each observer in Experiment 3, where the adapting stimulus was
a luminance-deﬁned RF pattern. There is no signiﬁcant difference
between luminance- and texture-deﬁned adaptors (t(3) = 0.5,
p = .65). This indicates that the texture-deﬁned adapting stimulus
was as effective as the luminance-deﬁned adaptor and also, sug-
gests that post-adaptation improvement in RF thresholds is unli-
kely to be explained by local orientation and position speciﬁc
adaptation effects.
Fig. 9. Data columns show the proportional change in detection thresholds for four
observers following adaptation to the speciﬁed type of RF3 stimulus. In all three
ﬁgures, a value of 1.0 on the vertical axes (and the horizontal line) indicates the
threshold for detecting an RF5 in an RF5 + RF3 compound prior to adaptation (taken
from Experiment 1). A value below one indicates an improvement in thresholds
following adaptation. (A) Clear columns show, for comparison, the amount of
threshold improvement, for each observer following adaptation to a ﬁrst-order RF3
(Experiment 2); the Grey columns show threshold improvement following adap-
tation to a second-order RF3. (B) presents threshold improvement for three
observers following adaptation to a large radius RF3. (C) shows the improvement in
thresholds for two observers following adaptation to a large radius second-order
RF3. All error bars represent the 95% CIs.
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threshold improvement occurred following adaptation to a large
radius RF3. Averaged across observers this improvement was sig-
niﬁcant (t(2) = 5.69, p < .05). Finally, Fig. 9c shows that for the two
observers tested, adapting to a large radius second-order RF3 pat-
tern also caused signiﬁcant improvement in RF5 detection thresh-
olds, (JB t(2) = 6.53, p < .05 and ED t(4) = 5.61, p < .01). These results
suggest that these luminance- and texture- deﬁned forms are not
processed independently; although adaptation and detection ofthe contrast envelopes of both patterns, a second-order cue
(Edwards & Badcock, 1995), remains a possibility. The data also
indicate that our adaptation effects are not radius speciﬁc, at least
over a modest range, and therefore are not a local effect. As one
ﬁnal control, observer JB completed trials with a blank adaptation
period and then retested RF5 sensitivity with an RF3 mask (data
not shown). This was done to ensure the added time for the
adaptation procedure would not account for our threshold
improvements. JB showed no signiﬁcant improvement in RF5 sen-
sitivity (t(2) = 1.03, p = 0.2) in this condition.
4. General discussion
The overall aim of the current study was to combine two RF
shape components onto a single closed contour in order to reveal
the existence of, and the nature of the interactions between RF
shape-tuned channels. We found that combining two RF compo-
nents into a compound pattern reduced the observer’s ability to
detect a single near-threshold RF component, regardless of
whether the two components were in ﬁxed (Figs. 2 and 7), or ran-
dom (Fig. 5) relative phases. That masking was not tuned for the
relative phase of each component (Fig. 3) is not consistent with
the use of local orientation or position cues but rather, provides
support for global processing in complex shapes composed of mul-
tiple RF components. In all conditions, masking was greatest when
the compound pattern contained two different radial frequencies.
This pattern of results is in contrast to that normally seen in mask-
ing studies, where the mask and target RF patterns are separate
contours. In that case, sensitivity to an RF pattern is suppressed
only if the masking pattern is the same radial frequency (Habak
et al., 2004) and falls off as phase differences are introduced (Bell
& Badcock, 2008; Habak et al., 2004, 2006). This highlights differ-
ences between interactions among components forming a single
complex contour, and contextual interactions in space and time
between separate contours. However, both previous ﬁndings (Bell
& Badcock, 2008; Bell et al., 2008; Habak et al., 2004, 2006; Lofﬂer
et al., 2003) and those presented here, imply that more than one
global RF shape processing mechanism is necessary to account
for performance .
The increment functions reported in Experiment 2 (Fig. 4) and
in Fig. 8 are similar in shape to those reported in the literature
using luminance-deﬁned sinusoidal gratings (Legge, 1981;
Nachmias & Sansbury, 1974; Wilson & Humanski, 1993) [but see
also Morgan et al. (2008)]. In the case of gratings, the existence
of a dipper has been used to infer non-linearities within indepen-
dent channels. The similarity between our results and those with
gratings is suggestive that pattern deformation (amplitude) for
RF patterns is analogous to contrast for sinusoidal gratings.
The adaptation results in Experiment 3 are further evidence
that multiple contour shape channels are necessary to account
for performance with low RF contours, since adaptation effects
were tightly tuned for radial frequency (Figs. 5–7). Finding that
adapting to a single RF pattern did not inhibit detection of the en-
tire range of globally processed RF patterns is consistent with a set
of channels that are individually sensitive to a restricted range of
contour shapes. Similar results have been found in spatial fre-
quency discrimination, where adapting to a high contrast grating
causes a loss in sensitivity over a narrow-band range, centred on
the adapted spatial frequency (Blakemore & Campbell, 1969). Our
results also indicate that there are inhibitory interactions between
neighbouring RF channels because adapting to a single RF pattern
improved sensitivity to the second RF component on a compound
(compared to the pre-adaptation threshold). These inhibitory
interactions had not been revealed in previous work on RF shape
channels, however, a comparable post-adaptation threshold reduc-
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spatial frequency adaptation improved contrast sensitivity at an
unadapted frequency, provided that the test and adapting frequen-
cies were separated by at least 2.75 octaves (De Valois, 1977).
The processes thought to support deformation detection in low
RF patterns have been modelled as a global process (Poirier &
Wilson, 2006). Several stages of analysis are proposed, including
the local extraction of curvature information, which is used to cre-
ate a population code for a speciﬁc shape. In the physiological
literature on shape processing, population responses of curvature
and angular-position tuned cells in Macaque V4 have been used
in an attempt to model the representation of natural objects
(Cadieu et al., 2007; Connor, 2004; Pasupathy & Connor, 1999;
Pasupathy & Connor, 2001; Pasupathy & Connor, 2002; Yamane,
Carlson, Bowman, Wang, & Connor, 2008). In the current RF detec-
tion model (Poirier & Wilson, 2006) two curvature mechanisms are
proposed to account for human performance over a modest range
of pattern radii and amplitudes. The authors propose a low curva-
ture mechanism which is effective for a range of patterns between
approximately RF2 and RF7 and a high curvature mechanism
sensitive to patterns above a radial frequency of around ﬁve or
six. Overlap between curvature mechanisms is described in the
model. In our data (see Figs. 5–7), we show that adapting to either
a low frequency pattern or a high frequency pattern improved
detection of an intermediate RF component (e.g. RF5) on the com-
pound RF pattern, relative to unadapted performance levels. This
can be explained using two overlapping curvature mechanisms,
provided that intermediate RF patterns can be detected by either
curvature mechanism. Given that pattern adaptation did not
reduce sensitivity to a broad range of RF patterns, our experiments
provide support for there being at least two curvature tuned chan-
nels. It is also possible that our results reﬂect three or more com-
petitive channel mechanisms, as evidence by the tightly notched
masking for low and intermediate RFs in Experiment 1 (Fig. 2),
although not for all RFs. Bell and Badcock (2009) have recently
used a sub-threshold summation technique to show that RF-tuned
shape channels might even be as narrow as a single integer RF; a
proposal which is consistent with shape identiﬁcation studies
(Hess, Achtman, & Wang, 2001; Wilkinson et al., 1998) and with
related physiological data (Pasupathy & Connor, 2002).
Regardless of the ultimate number of channels, what previous
research has not revealed is the presence of inhibitory interactions
between RF-tuned shape channels encoding a complex single con-
tour. This is an important and novel piece of information and has
strong implications for our understanding of how complex shapes
are processed and represented. Inhibition is not incorporated into
the current model of single RF pattern processing (Poirier &
Wilson, 2006) but should be added into future models which aim
to deal with processing of more complex shapes.
Experiment 4 (Fig. 9a) showed that luminance-deﬁned and
dynamically updated second-order (textured) adaptors are equally
effective. This ﬁnding is pertinent to the discussion on integration
of ﬁrst-order (luminance-deﬁned) and second-order (contrast-de-
ﬁned) shape information in the form pathway. Hess and colleagues
(2001) have reported evidence suggesting that ﬁrst-order and sec-
ond-order RF patterns are detected by separate processes. Similar
separations have been reported when detecting global structure
in Glass patterns (Badcock et al., 2005). Our results (Fig. 9a) are
consistent with either a common mechanism for luminance- and
contrast-deﬁned RF pattern detection, as other researchers have
reported (Bell & Badcock, 2008) or, an interaction between the con-
trast envelope of the textured RF pattern and the contrast envelope
of the luminance-deﬁned pattern (Badcock et al., 2005), both of
which would be second-order cues (Edwards & Badcock, 1995).
In summary, the overall results presented in this paper support
claims of more than one detection mechanism for globally pro-cessed RF patterns (Bell & Badcock, 2009; Habak et al., 2004; Lofﬂer
et al., 2003; Poirier & Wilson, 2006). By combining RF components
onto a single contour and directly testing for interactions, we have
also provided evidence that these contour shape channels operate
within a competitive network. This had not been shown in previ-
ous studies and adds an important piece for our understanding of
natural shape encoding. There is some suggestion that the narrow
tuning proﬁle of these channels could be used to create codes for
speciﬁc shapes (Pasupathy & Connor, 2001; Pasupathy & Connor,
2002; Poirier & Wilson, 2006; Yamane et al., 2008). For example,
researchers have shown that the borders of many complex shapes
can be accurately represented by summing RF components on a
single closed contour (Wilkinson et al., 2007; Wilson & Wilkinson,
2002; Wilson et al., 2000). Such research suggests that RF shapes
provide a compact subset of parametric stimuli with which to
study the processing of the contours of real world objects. As such,
it is important to understand how RF patterns are processed by the
visual system. The current paper contributes to this cause by high-
lighting how these channels interact.Acknowledgments
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